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Abstract 
The influence of Al doped on work function of ZnO thin film with C-axis preferred orientation were analyzed both 
theoretically and experimentally. Pure ZnO and Al-doped ZnO(ZnO:Al) films were deposited on n-type Si substrate 
by radio frequency (RF) magnetron sputtering. Surface work function were calculated using the first-principles with 
pseudopotential method based on density-functional theory (DFT) of ZnO and ZnO:Al surface structure. It was found 
that the theoretical value of work function of (002) plane ZnO and ZnO:Al were 5.076ev and 4.978ev respectively. 
Following I-V-T characteristics of the heterojunctions were investigated, the work function of ZnO and ZnO:Al were 
obtained at 4.71ev and 4.62ev, respectively. Al doped led to the value of work function reduced by 0.09ev, which was 
consistent with 0.098ev calculated by the first-principle algorithm.   
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1. Introduction 
As the third-generation wide bandgap semiconductor, ZnO has a wide bandgap of 3.37ev at room 
temperature, with excellent optical and electrical behaviors. Since it has extensive application prospect in 
blue LED, UV LED, lasers, UV detectors, gas sensors, sonic surface wave gas sensors and light 
modulators[1-3], it is the focus of the research on semiconductor materials internationally. The doping of 
Al into ZnO can increase its conductance by several orders of magnitude [4]. Due to the good light 
transmission, ZnO:Al can also be used in photovoltaic industry, such as the window materials and 
transparent electrodes in solar energy and the flat panel display equipments [5]. Studies on ZnO are mainly 
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concentrated on its preparation process and photoelectric properties, with little attention to surface work 
function of ZnO. The electric properties of ZnO:Al thin films are largely affected by surface oxygen 
absorption. Besides, its electric resistance varies for different surface topographies of the thin films[6], 
which influences the properties of ZnO-based devices. Therefore, the research of the influence of Al 
doped on surface work function of ZnO would contribute to the improvement of the properties of the 
devices. As the crystalline grains of ZnO thin films prepared under experimental conditions have 
preferred orientation in most cases, i.e. C axis is perpendicular to film plane, this study conducted optimal 
calculation on the surface structure of ZnO layer based on the first-principle algorithm (002), to obtain its 
theoretical value of work function. Then, by substituting one Zn atom with one Al atom, the surface work 
function of ZnO doped with Al was calculated. To verify this experiment, RF magnetron sputtering 
method was employed to deposit ZnO and ZnO:Al thin films with the diameter of 2mm on n-type Si 
substrate with single side polished. Next, I-V-T test was performed on ZnO/Si heterojunction formed, and 
the barrier height of this heterojunction was calculated. Finally, the measured value of work function of 
ZnO thin films without Al doped was derived.  
2. Experimental 
All ZnO and ZnO:Al (Al 5at.%) ceramic targets were used to deposit thin films on Si (100) substrate 
by RF sputtering, with target-substrate distance of 120mm in a pure Ar atmosphere. Before sputtering, the 
substrate was soaked for 5min in cleaning agent containing H2SO4 and H2O2 at the ratio of 3:1, to 
remove the organic matters on Si surface. Then diluted HF solution was used to remove the oxide layer 
on the surface, and ultrasonic irrigation was performed for two times with deionized water, acetone and 
absolute alcohol, respectively, which lasted for 10 min each time. The electric resistance of n-type Si 
substrate was 5Ω·cm; the background air pressure of sputtering was 2.0×10-3pa; the temperature of the 
substrate was 450℃; the sputtering power was 150W and the sputtering time was 30 min. After sputtering, 
Al electrode was deposited on the back side of Si substrate by means of electron-beam evaporation. 
Bede D1 multi-function x-ray diffraction instrument (Cu Kα, λ=0.154056nm) was used to characterize 
ZnO film formed on Si substrate. The surface state and theoretical work function of ZnO were calculated 
using the Castep module of Material Studio5.5 software. I-V-T characteristic curve of heterojunction 
obtained was tested by Agilent semiconductor parameter analyzer 4155B and Cascade probe station.  
3. Results and discussion 
Figure 1 is XRD image of ZnO and ZnO:Al thin films grown on Si substrate. It is clear from Figure 1 
that both samples had high intensity (002) diffraction peaks, while other peaks such as (100) peak were 
relatively weak or even unobvious. This indicated that ZnO and ZnO:Al thin films deposited on Si 
substrate had wurtzite structure with C-axis preferred orientation. Moreover, 2θ of (002) peak of ZnO and 
ZnO:Al thin films were 34.28° and 34.56°, respectively. Compared with (002) peak of stress-free powder 
samples, the peak position of ZnO thin film was relatively lower, showing compressive stress 
perpendicular to C axis, while that of ZnO:Al thin film was higher, indicating that the internal stress of 
the thin film was transformed to tensile stress after Al doped. Peak width at half height of ZnO and 
ZnO:Al thin films was 0.41° and 0.318°, indicating that the crystallization quality of ZnO:Al thin films 
prepared by magnetron sputtering was better than that of pure ZnO thin film.  
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Fig. 1. XRD patterns of ZnO films and ZnO:Al grown on n-Si substrate  
Basis function was selected by ultra-soft pseudo-potential plane wave method in the first-principle 
algorithm for surface state of the thin films. Generalized gradient was approximated to interactive related 
potential, and the cut-off energy of plane wave was 340ev. 3×3×3 Monkorst-park special k-points were 
used for the summation over the entire Brillouin Zone; all of the calculation was conducted in reciprocal 
space. The crystal model was established, with the lattice parameter set as follows: a=b=3.249Å; 
c=5.207Å; α=β=90°; γ=120°. Based on the construction and optimization of primitive cells, the supercells 
were constructed and then optimized. Finally, (002) plane was cut and the planar supercell structure was 
constructed. In order to make the plane obtained better represent the true characteristics of solid bulk, the 
thickness of the plane constructed was 10Å. Meanwhile, to avoid electrostatic interaction between layers, 
the thickness of the surface vacuum layer constructed was 30Å. The results of optimal calculation of the 
surface layer for the second time are shown in Figure 2. Relaxation occurred to the surface of ZnO thin 
film, and the unbonded electrons disappeared, and were bonded with other atoms. The surface atoms of 
supercell structure optimized tended to be arranged within one plane, where Zn atom moved towards the 
inside of unit cell while O atom towards the outside of unit cell. It could be seen that the electrons were 
transferred from Zn atoms to O atoms during the relaxation.  
            
Fig. 2. Side view of ZnO (002) surface. (a) unrelaxed; (b) fully relaxed  
Then the work function of ZnO was calculated. The theoretical value of work function of (002) plane 
ZnO was 5.076ev. In the unit cell model above, one Al atom replaced one Zn atom. By repeating the 
procedures above, the theoretical value of work function was calculated as 4.978ev. After the substitution 
of Zn atom by Al atom, Fermi energy level rose from -3.642ev to -3.6358ev; the vacuum energy level 
dropped from 1.4345ev to 1.34315ev after Al doped, while the value of surface work function was 
reduced by 0.098ev.    
Figure 3 is I-V-T curve of ZnO thin film prepared by RF sputtering. As indicated by I-V characteristics, 
the heterojunction formed between n-type Si substrate and ZnO had good rectification characteristic; at 
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positive bias of 5v, IF/IR=1.33×103. The electric resistance of ZnO thin film prepared was measured to 
be 3.27×10-2Ω· cm by four probe method, which was far less than that of n-type Si substrate (5Ω·cm). In 
the heterojunction formed, the space charge region was mainly concentrated on the side of Si. Therefore, 
it could be approximated to Au/n-Si Schottky contact model, and the current conduction mechanism 
could be considered as dominated by thermal electron emission [7] . Then the current passing through 
heterojunction was as Formula (1): 
⎥⎦
⎤
⎢⎣
⎡ −= 1exp
kT
qVII s η                                                                                                                             (1) 
While V was the voltage applied at two ends of heterojunction; k was Boltzmann constant; η was 
ideality factor. For ideal diode, η=1. In most cases, under the influence of boundary layer, surface state 
and tunneling effect, the ideal factor is generally larger than 1[8]. Is was reverse saturation current and 
could be obtained by fitting the I-V curve of heterojunction, which satisfied Formula (2). 
kT
STAIs B2* exp φ−=
                                                                                                                         (2) 
While S was the junction area of heterojunction; A* was effective Richardson constant. A* varies in 
different literatures; T was absolute temperature; φB was the height of Schottky contact potential barrier. 
By Formula (2), A*and φB could be obtained by fitting the relation between ln(Is/ST2) and 1/T. After 
linear fitting, A*=24.67 Acm-2K-2 , and the barrier height φB=0.66ev. Although A* was smaller than 
110 Acm-2K-2 , the theoretical value of n-Si Richardson constant, electrons at the bottom of conduction 
band in Si atoms would pass through the barrier to reach ZnO by means of tunneling effect due to thinner 
barrier on the side of ZnO. Based on metal-semiconductor approximation mentioned above, work 
function of ZnO could be calculated by Mott-Schottky model as Formula(3). 
BSim φχ +=Φ                                                                                                                             (3) 
while χSi=4.05ev, the electron affinity of Si. Then the value of work function of ZnO could be derived 
as 4.71ev, which was close to that reported by Sundaram [7] and Neville[9]. Figure 4 shows I-V-T curve 
of ZnO thin films without doping and doped with Al 5at.%. The value of work function of ZnO thin film 
doped with Al was calculated as 4.62ev by the fitting method above, which was reduced by 0.09ev 
compared with ZnO thin film without doping. 
 
Fig. 3. Plot of ln(Is/ST2)-1/T for ZnO/n-Si                                         Fig. 4. Plot of ln(Is/ST2)-1/T for ZnO:Al /n-Si and ZnO/n-Si  
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The theoretical value of work function calculated in this study was larger than the experimental 
measured value. Through preliminary analysis, the reasons were identified as follows: in most cases, due 
to lower formation energy of oxygen vacancy and other defects, the formation energy of oxygen vacancy 
of neutral electric charge state was as low as 0.02ev at room temperature during the preparation of ZnO 
[10]. A large number of oxygen vacancies and Zni were introduced into thin film. As oxygen vacancies and 
Zni belonged to shallow donors, and they were located below conduction band, with 61meV and 30 meV, 
respectively [11], ZnO thin film prepared had n-type electric conductivity. In ZnO where n-type donor 
defects abounded, Fermi energy drew close to the bottom of conduction band. During simulation using 
Castep, ideal system was constructed in modeling, without introducing such defects as oxygen vacancies 
and Zni. As a consequence, Fermi energy of ZnO did not shift, resulting in larger measured value of work 
function. Moreover, during the modeling, the precision of calculation results was also affected by various 
factors such as the size of supercells, the cut-off energy and the selection of k-points. 
4. Summary and conclusions 
ZnO and ZnO:Al thin films were prepared by RF magnetron sputtering on n-type Si substrate. From I-
V-T test, the work function of ZnO and ZnO:Al thin films measured by Mott-Schottky  model was 4.71ev 
and 4.62ev, respectively. The value of work function of ZnO and ZnO:Al thin films calculated by the 
first-principle algorithm was 5.076ev and 4.978ev, respectively. Al doped led to the value of work 
function reduced by 0.09ev, which was consistent with 0.098ev calculated by the first-principle algorithm.  
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